Proteins from the spectrin superfamily contribute to cell polarity and shape during the morphogenetic movements that accompany embryogenesis. Drosophila MSP-300, a member of the spectrin superfamily, is expressed in somatic, visceral and heart embryonic muscles. Cloning and sequence analysis of various spliced forms of MSP-300 reveals functional and structural similarities between MSP-300 and vertebrate Dystrophin, the product of the Duchenne Muscular Dystrophy gene. The identification of a strain mutant for the MSP-300 gene is described. Analysis of the somatic muscle phenotype in MSP-300 mutant embryos suggests that the protein contributes to the integrity of the somatic and visceral muscle tissue during periods of significant morphogenetic change. Functional synergism between MSP-300 and laminin is demonstrated by the analysis of the phenotype of embryos mutant for both genes. The enhancement of aberrant muscle phenotype in the double mutants suggests a link between MSP-300 and Iaminin function in mediating proper extension of the myotube towards the epidermal muscle attachment site. In addition, both genes function to establish gut integrity. In view of the functional and structural similarities between MSP-300 and Dystrophin, it is postulated that Dystrophin is not only required for proper muscle function in adult life but also contributes to muscle morphogenesis during the development of the vertebrate embryo.
Introduction
Dystrophin is the product of the Duchenne Muscular Dystrophy (DMD) gene in vertebrates. Mutations in this gene in humans induce muscular dystrophies of various severalties, leading to muscle degeneration (Campbell, 1995; Davies et al., 1995) . Vertebrate Dystrophin is expressed in muscle and brain tissues, and consists of four structurally distinct domains: an amino-terminal actinbinding domain, a large spectrin-like rod domain which contains the spectrin repeats, a cysteine-rich domain; and a unique carboxy-terminal domain (Sato et al., 1992; Ahn and Kunkel, 1993; Ervasti and Campbell, 1993a) . The cysteine-rich domain links the Dystrophin dimer through /Ldystroglycan to an array of five membrane glycoproteins, including a-dystroglycan that binds to merosin, a muscle-specific laminin isoform (Yamada and man, 1992; Campanelli et al., 1994) . Thus, Dystrophin in muscle cells mediates the association of the extracellular matrix (ECM) layer with the actin-based microfilament network. It appears that formation of this protein complex along the inner surfaces of the sarcolemma is crucial for normal muscle function, since disruption of this complex leads to muscle necrosis (Ervasti and Campbell, 1993b) . The function as well as the detailed'molecular mechanism by which Dystrophin associates with the membrane complex proteins remain to be elucidated. In the absence of Dystrophin, the linkage between the subsarcolemmal cytoskeleton and the glycoprotein complex is disrupted (Petrof et al., 1993) . This, in turn, may render the sarcolemma susceptible to damage from muscle contraction, thus leading to muscle cell deterioration. To further understand the function of Dystrophin during adult life, as well as during embryonic development, it would be important to examine its function in lower organisms such as Drosophila.
MSP-300, a muscle-specific protein identified in Dro-sophilu, belongs to the spectrin superfamily (Volk, 1992) .
This 300 kDa protein is localized along the inner surfaces of the myotube plasma membrane and associates with the actin microfilament system. Sequence of a partial cDNA clone indicated that MSP-300 exhibits spectrin-like repeats. These repeats are present in different types of spectrins, a-actinin and Dystrophin, and were suggested to mediate protein-protein interactions and the formation of hetero-or homo-dimers.
Repeats of about 100 amino acid long in MSP-300 showed highest homology with human and mouse Dystrophin (Volk, 1992) .
The integrity of the ECM-membrane-cytoskeletal network in muscle cells also depends on functional ECM components, since absence of merosin, a vertebrate muscle-specific laminin form, leads to muscle weakness and disruption in humans (Sunada et al., 1994) . Similar impairment of muscle tissue is observed in Drosophila embryos mutant for laminin-A chain. These embryos exhibit abnormal somatic muscle cell shape and sporadic disruption of the muscles (Yamitzky and Volk, 1995) .
The similarities between both vertebrate and Drosophila laminin muscle phenotype, as well as the high degree of sequence homology found between MSP-300 and Dystrophin, motivated us to examine whether similar functional relationships exist in Drosophila.
Proteins from the spectrin superfamily contribute to the maintenance of cell shape as well as to the stability of the plasma membrane in various cell types during morphogenesis (Bennett and Gilligan, 1993; Deng et al., 1995) . This membrane stability is thought to be achieved through the association of spectrins with both membrane proteins and the actin-based microfilament system at their N-terminal domain (Hitt and Luna, 1994) . Proteins such as a and /3 spectrins have been identified in Drosophila; however, their expression is rather ubiquitous and they are not expected to exhibit a muscle-specific function (Duberuil et al., 1989 (Duberuil et al., , 1990 Lee et al., 1993; Thomas and Kiehart, 1994) .
The muscle-specific expression of MSP-300 and its sequence homology to the spectrin superfamily raised the possibility that it contributes to the stability of muscle cell shape, as was implicated for other spectrins in various cell types (Deng et al., 1995) .
The present study establishes functional and molecular similarities between MSP-300 and vertebrate Dystrophin, and analyzes the function of MSP-300 during embryonic muscle development, by examining MSP-300 mutant embryos. The results also suggest a functional link between laminin and MSP-300 in the development of the embryonic somatic musculature, based on analysis of embryos mutant for both genes.
Results

MSP-300 exhibits sequence similarity with vertebrate Dystrophin
MSP-300 is expressed in somatic, visceral and heart embryonic muscles along the plasma membrane, where it associates with the actin filament network. The possibility that MSP-300 represents a protein that is closely similar to dystrophin was explored. Our previous results suggested that MSP-300 is more similar to Dystrophin than to the other spectrin superfamily members due to its muscle-specific expression, association with actin filaments, and localization at the inner membrane surfaces. Moreover, the partial 3.9 kb sequence (Volk, 1992) consisted of spectrin-like repeats which showed preferential homology to Dystrophin rather than to spectrin or aactinin repeats. Northern analysis indicated the presence of a major RNA species of -13 kb and smaller species as well. Western blot analysis performed with polyclonal antibody (raised against the C-terminal domain of MSP-300, encoded by the 3.9 kb cDNA) indicated that the antibody recognizes at least two different polypeptides (-230 kDa and -320 kDa, not shown). This observation is in line with the presence of more than one form of the MSP-300 protein.
To further evaluate the similarity between MSP-300 and Dystrophin and to address the possibility that MSP-300 is the Dystrophin homologue in Drosophila, we isolated additional cDNA clones. A summary of the molecular analysis of the major MSP-300 cDNA clone, MSPl, and its relative position to the genomic clones is depicted in Fig 1. MSPl contains 2224 amino acids, and spans 7.7 kb cDNA, including the original 3.9 kb; it is likely to encode a full length protein of MSP-300, terminated by a stop codon, followed by 1 kb of 3' untranslated sequences (Figs. 1B and 2 ). The size of MSPl could encode 300 kDa, yet, since we could not identify a methionine initiation with a good KozaMCavener consensus, it may Sequence similarity between MSPl and Dystrophin as well as with other members of the spectrin superfamily was explored through database searches. The best score for similarity was obtained between MSPl and the major muscle form of human Dystrophin (for details see. Section 4), supporting the view that MSPl is a Dystrophin-related protein.
The structure of Dystrophin may be subdivided into four main regions: (1) N-terminal actin-binding domain; (2) rod domain containing 24 repeats of 109 amino acids; (3) a cysteine-rich domain; and (4) a unique C-terminal domain. Additional motifs include: three calmodulin binding sites (Madhavan et al., 1992; Jarrett and Foster, 1995) , and multiple leucine zipper motifs (Koenig and Kunkel, 1990) . The amino acid sequence of MSPl was further examined for the presence of these structural motifs.
I. Actin-binding domain (ABD)
Two types of ABDs, ABDl and ABD2, have been identified in human Dystrophin (Hemmings et al., 1992; Levine et al., 1992; Bonet-Kerrache et al., 1994) and were used for a survey of MSPl. The results presented in Fig  3A suggest a potential ABD2 site between amino acids 289 and 321, displaying 33% identity to the Dystrophin ABD2 site.
Repeat-containing
domain The major part of MSPl cDNA consists of 16 Dystrophin-like repeat units (Fig. 3E) . The best aligned repeats are presented in Fig. 3B , together with the Dystrophin consensus repeat, and a consensus derived from the presented MSP repeats. The average repeat length is 120, and the repeats display marked similarity to each other (45-50%). The average similarity between the Dystrophin consensus and the aligned repeats reaches 50-60%, while identity is 30% (Fig 3B) . The similarity between MSPl repeats and Drosophila spectrin repeat consensus is 20% or less. Thus, the preferential similarity of MSPl repeats to those of Dystrophin supports the view that MSP is more closely related to Dystrophin than to other family members.
Cysteine-rich domain
We could not detect a cysteine rich domain in MSPl. 
MSP-
Calmodulin-binding sites
Recent studies suggested that Dystrophin is a calmodulin-binding protein, exhibiting three potential calmodulin binding sites. One of these sites, termed CAMBS, is located 5' to the potential ABD2 domain (Hemmings et al., 1992; Madhavan et al., 1992) . Searches for potential calmodulin binding sites in MSPl indicated significant homology to the CAMBS site in MSPl (Fig.  3C) . As in Dystrophin, the CAMBS region in MSPl is located 5' to the potential ABD2 domain.
Leucine zipper motif
One leucine zipper motif is situated between amino acids 114 and 135 (Fig. 3D) . This motif suggests a role in protein-protein interaction. In summary, MSPl displays significant similarity to Dystrophin. Two of the four major regions in Dystrophin appear to be conserved: the actin-binding domain and the repeat region. Although these domains are found in other proteins such as spectrin and a-actinin, the similarities between the MSPI domains and the corresponding Dystrophin domains are significantly higher. Additional motifs having important functional roles were detected (calmodulin-binding domain and leucine zipper). To this end, MSPl appears to represent a Dystrophin-related protein.
We next turned to study the role of MSP 300 during embryogenesis by analyzing potential mutants in the MSP gene.
The EMS induced mutantjf22sz-7s represents a mutation in the MSP-300 locus
The chromosomal location of MSP-300 was characterized by in situ chromosomal hybridization to 2X9-9', on the second chromosome.
This chromosomal region was saturated by EMS mutagenesis, by Szidonya and Reuter (1988) . Several embryonic lethal complementation groups mapped to a small deficiency (2X8-9; 25D2-4) that uncover MSP chromosomal region were obtained from Szidonya (Budapest, Hungary) . One of these,
became a candidate for a mutation in the MSP-300 locus, since homozygous embryos did not stain with the anti-MSP-300 antibody (not shown). Homozygous embryos were separated from heterozygous embryos (based on their reactivity with &galactosidase).
Proteins were extracted from each group of embryos and examined for immunoreactivity with the anti-MSP300 antibody in Western blot analysis. The immunoreactivity of jf22SZ-75 mutant embryos with anti-MSP-300 antibody was abolished as can be seen in Fig 4. This result implies that jjZ2sz-75 is an EMS mutation, inducing truncation of at least the C-terminal part of MSPl (which is recognized by the antibody in wild type embryos). Although the #22sz-75 was obtained as a single allele of MSP-300, the embryonic lethality and muscle phenotypes are unambiguously related to that locus since duplication covering this chromosomal region (24D4; 25F2) rescues the embryonic lethality to viability, while small deficiency uncovering 25C8-9; 25D2-4 fails to complement this allele (Szidonya and Reuter, 1988) . We have tested two distinct deficiencies Df(2L) SCI~-~, and Df(2L) SC'~*~ in trans over the EMS allele. The muscle phenotype obtained in these embryos is more severe than the homozygous EMS allele ~$22~~-~5. It appears that this allele does not represent a complete null phenotype. To dissect MSP function during embryonic muscle development, we examined the muscle phenotype in thejf22SZ-75 mutant embryos.
MSP-300function is required to maintain the shape of myotube cells during their extension
The muscle-specific expression of MSP-300 and the subcellular localization of this protein suggests that it functions within the muscle cells. To analyze the protein function we examined the integrity of the embryonic somatic and visceral musculature, as well as the heart tissue. Fig. 5 shows the phenotype of the somatic musculature in $2SZ-75 mutant embryos. While differentiation of the muscles is not affected, the overall shape of each myotube seems to be defective. This is noted especially in the ventral oblique myotubes that extend their leading edge to a relatively long distance. Mutant myotubes often do not reach their epidermal attachment sites, and therefore, during muscle contraction some of these cells round up. However, the overall pattern of the somatic musculature is not altered. We suggest that the defects in somatic musculature of jj22sz-75 mutant embryos lead to severe impairment of muscle function, resulting in their inability to hatch from the chorion. To estimate the severity of the EMS allele jj22sz-75 we characterized the muscle phenotype of embryos trans-heterozygous for ~~~~~~~ and for a deficiency (Df(2L)sc'9-5), that uncover this chromosomal region cif22sz-75 / --). The disruption of somatic muscle pattern in such embryos ($22sz-75 / --) is more severe relative to the homozygous EMS mutant embryos (Fig.  5G) , suggesting that the latter is not a null allele.
The integrity of the visceral muscles, as well as the morphology of the whole gut, was not altered in the #22sz-75 or in thef12SZ-7s I --mutant embryos. This was deduced from examination of whole embryo staining (not shown) as well as cross sections of their gut (Fig 7) . Heart morphogenesis was also not affected in the MSP-300 mutant embryos as visualized with anti-myosin antibody or with anti-pericardial-specific antibody (not shown). MSP-300, therefore, contributes to the maintenance of correct myotube cell shape during extension, and consequently to the arrangement of the embryonic somatic musculature.
Since laminin is also required for the maintenance of myotube cell shape (Yarnitzky and Volk, 1995) , we examined possible functional relationship between MSP-300 and laminin.
Possible cooperation between MSP300 and laminin in mediating myotube cell shape
Studies in vertebrates suggested that Dystrophin is associated, via dystroglycans a and B, with merosin, a laminin muscle-specific form. In Drosophila embryos, laminin is deposited along the myotube sarcolemma and plays a role in the establishment of myotube cell shape (Yarnitzky and Volk, 1995) . The somatic muscle phenotype of MSP-300 mutant embryos is reminiscent of that of laminin, although less severe. The similarity between laminin and MSP-300 muscle phenotypes, as well as the suggested biochemical interactions between the two gene products in vertebrates, motivated us to examine the phenotype of embryos double mutant for both genes. A balanced double mutant strain was constructed (see Section 4). Embryos homozygous for both mutations were examined. The somatic musculature of such embryos is se-oj 'Development 60 (1996) [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] 89 verely disrupted. In many cases the myotubes do not extend properly, and following contraction, the whole muscle system collapses, as shown in Fig. 6 . The structure and cell shape of somatic myotubes in younger (stage 14-15) embryos were significantly abnormal.
This phenotype could be explained either by functional synergism between MSP and laminin, or by an additive effect of the subtle defects in each mutation separately. Our results favor synergism between both gene functions (see below). To further analyze this functional relationship, we examined the integrity of the visceral musculature. In embryos mutant for laminin-A chain the gut develops normally (Fig. 7C) , except for subtle defects observed during polarization of the endoderm at stage 12 (Yarnitzky and Volk, 95) . Morphogenesis of the gut in MSP-300 mutant embryos also appears to be normal (Fig.  7B) . Examination of gut morphology in embryos double mutant for laminin and MSP-300, indicated an opening of the gut tube in many cases (Fig. 7D) . Since in each of the laminin or MSP-300 mutants alone the gut exhibited normal morphology, we excluded the possibility that the collapse of the gut resulted from additive defects in MSP-300 and laminin-A chain proteins. The defective gut phenotype favors the possibility of synergism between both proteins. These results are consistent with the suggestion that laminin and MSP-300 interact functionally in Drosophila in a similar way to that suggested for the two proteins in vertebrates.
Discussion
Muscle patterning and myogenesis during embryonic development are considered to be normal in patients with Dystrophin-related disorders. Deterioration of the muscle system observed in these patients apparently results from disruption of the muscle cells following their contractions. In view of the molecular similarities between myogenesis across phyla, our results suggest a role for the ECM-Dystrophin-cytoskeletal network not only in adult life but also during muscle morphogenesis in the developing vertebrate embryo. The mechanistic details by which these elements mediate proper myotube morphogenesis remain to be elucidated. Here we analyze the unique contribution of MSP-300 to the correct morphology of the myotube during development.
Our results suggest that Drosophila muscles share similarity with vertebrate muscles in the activation of genes responsible for the structural maintenance of sarcolemmal cell shape.
Drosophila MSP-300 is closely related to human
Dystrophin
Structural similarity between MSP-300 and Dystrophin extends from the actin binding domain through the rod portion containing the repeat domain. Additional shared motifs include leucine zipper and calmodulin-binding domains, and potential hinge regions. Other cellular properties including subcellular localization, physical association with the actin microfilament network and functional relationships with laminin, suggest that MSP-300 is a Dystrophin-related protein. This structural conservation implies that both the actin-binding domain and the large Dystrophin rod-like structure are crucial for the activity of this family of proteins.
MSP-300 is expressed also in the larvae and adult fly in both muscle and non-muscle tissues, including heart and brain (unpublished results) . In the Drosophila adult eye MSP is expressed along the axons extending from the omatidia to the basal lamina (not shown). Dystrophin is also expressed in mammalian brain, although its function in that tissue is far from understood. Interestingly, a certain portion of DMD patients exhibit abnormal electroretinograms, implying requirement of Dystrophin for normal retinal function (D'Souza et al., 1995) . The Drosophila system may therefore offer insight to these phenomena as well.
The study of MSP-300 function during development presents a unique opportunity to understand more about the embryonic function of Dystrophin or other related proteins. In this regard, it appears that MSP-300 plays an important role in the establishment of myotubesarcolemmal integrity during the extension of the myotube towards epidermal insertion site. Although the MSP-300 mutant phenotype observed is not severe, it appears that muscle function is not coordinated and therefore the embryo cannot hatch. The relatively weak phenotype could be explained by the fact that the mutation is not a complete null, and only in combination with laminin defects a more severe phenotype is exhibited.
Contribution of MSP-300 and laminin to the integrity of somatic and gut musculature
The distinct abnormal somatic myotube morphology observed in laminin and MSP-300 mutants is augmented when both mutations are combined, leading to complete disruption of the myotube cells. MSP-300 and laminin both play an important role in the establishment of myotube morphology and cell shape. Functional synergism between genes can be observed only if the single mutations do not disrupt completely the relevant process. In our case the laminin mutant used lacks the laminin A chain, but the two B chains, encoded by separate genes, are present and may function partially (Ekblom, 1989) . Also, as judged by the multiple laminin family observed in vertebrates, additional laminin genes in Drosophila may explain the mild phenotype observed for the laminin-A mutants. It appears, therefore, that the laminin mutant used in this study does not exhibit a complete disruption of laminin function. We do not know where the EMSinduced mutation maps in the MSP-300 locus. Due to the multiplicity of spliced forms, the jf22sz-75 allele may not represent a complete null mutation. The synergistic effect obtained in the double mutants favors the possibility that laminin and MSP-300 are part of an ECM-membranecytoskeletal complex that is disrupted in the double mutant muscle cells.
Functionality of the somatic, visceral or heart muscles in the double mutants could not be assessed since the embryos die before these organs become physiologically functional.
However, the gut phenotype suggests that once these muscles contract, the entire gut and somatic musculature fall apart.
Our results strongly suggest that a functional link between MSP-300 and laminin in vivo exists, possibly via yet uncharacterized membrane proteins. This interaction may be important to support the stability of the sarcolemma during or following myotube extension.
Implications for Dystrophin function in vertebrates
The establishment of muscle pattern in vertebrate development awaits for a detailed molecular characterization. The arrangement of muscle connections and pattern in DMD patients during embryonic development remains to be determined. In view of the results obtained in the present study, it is possible that part of the phenotypic defects in muscle function in DMD patients results from an abnormal insertion of myotubes during the establishment of the whole body muscle pattern. These subtle defects would not be noticed since the overall muscle pat-tern is retained. However when these muscles initiate contraction, they may detach from their insertion sites, and induce muscle disruption.
Dystrophin may be required repeatedly during different stages of muscle development as well in adult life to maintain sarcolemmal stability during muscle contraction.
Our studies therefore suggest the possibility that Dystrophin and laminin are required in vertebrates not only to maintain muscle function but also to establish the development of muscle tissue.
Experimental procedures
I. Fly stocks
The following fly strains were used: jj22sz-7s is an EMS-induced mutant strain obtained from J. Szidonya (Szidonya and Reuter, 1988) was examined for lethality over each mutation alone. The double mutant line was maintained over lacZ-containing double balancer chromosomes.
Two deficiency lines, obtained from the Bowling Green Stock Center, were used in the analysis of trans-heterozygous embryos: Df(2L)sc'9-5 (25A4-5;25D5-7) and Df(2L)sc19-4 (25A4-5; 25E5Fl). Both deficiencies were maintained over a duplication Dp(2; l)B 19.
lmmunochemicaf reagents
To visualize embryonic muscles we used anti-myosin heavy chain polyclonal antibody, provided by P. Fisher (Stony Brook, NY). The serum was usually pre-adsorbed on O-2 h old embryos and diluted 1:500 for staining.
Secondary antibody included HRP conjugated goat anti-rabbit IgG, anti-guinea pig IgG, or anti-mouse IgM (Jackson).
Whole mount embryonic staining
In addition to the HRP (see below) staining to determine expression of the appropriate markers, we routinely stained the embryos collected from the different mutant lines for j3-galactosidase to identify homozygous mutant embryos.
Staining was performed essentially as described (Ashburner, 1989) . In brief, embryos were collected and incubated as indicated, dechorionated and fixed with a mixture of 3% paraformaldehyde and heptane. Following two washes with PBT (PBS containing 0.1% Triton Xloo), embryos were incubated in the X-gal staining solution, until blue staining was visible (15-30 min at 37°C) and then washed and devitellinized with a methanolheptane mixture. Permeabilization was performed by incubation in PBT containing 10% BSA for 2-3 h, and incubation with primary antibody was usually performed for 16 h at 4'C.
Sections
Embryos were fixed with 0.1% glutaraldehyde and 3% paraformaldehyde in PBS, stained for X-gal, dehydrated, washed in ethanol and infiltrated with JB-4 embedding media (Polysciences, Inc., USA) according to the manufacturer's instructions. Embryos were oriented in molds and the resin was allowed to harden in a desiccator. Sections (3-4 mm width) were obtained with a Sorvall MT2B microtome, stained with Methylene Blue and Basic Fuchsin by standard procedures, and examined under a Zeiss Axioscope microscope.
Western blot analysis
J22sz-75 embryos (14-16 h A.E.L.) were collected dechorionated and immersed in X-gal staining solution for 1 h at 37'C. Embryos were then washed in PBT and transferred to heptane. Homozygous mutant embryos were separated from heterozygous embryos according to their negative or positive B-galactosidase reaction, respectively. Each sample contained ten embryos that were homogenized in RIPA buffer and boiled in sample buffer. Samples were subjected to SDS-PAGE on 6% SDSpolyacrylamide gels according to Laemmli (1970) , and Western analysis according to Towbin et al. (1979) using anti C-terminus MSP-300 antibody. The ECL Western blotting system (Amersham) was used for detection.
Molecular cloning
For isolation of the full length cDNA clone of MSP we initially used the 3.9 kb cDNA clone (Volk, 1992) . This clone was used to isolate genomic clones from a Charon 4A partial RI genomic library (Davidson, Calteck). Four partially overlapping 1 clones, 1G 1, iG2,1G4, and 1G6b, were isolated. A 6 kb EcoRI genomic fragment from clone G4 overlapped 400 bp of the most 5' sequences of the original 3.9 kb cDNA. This genomic fragment was used to isolate a 2.3 kb clone from a randomly primed embryonic cDNA library (obtained from K. Zinn, Pasadena, CA) which did not overlap the original 3.9 kb clone. A 600 bp genomic PCR fragment was prepared with primers taken from the 5' region of 3.9 kb and from a putative ORF region in the 6 kb EcoRI genomic fragment from clone G4. This 0.6 kb PCR fragment was used to screen a lgtll expression library (Zinn, 1988) and yielded a 2.6 kb clone that overlapped with both the
